In this work high frequency SPICE models were developed to simulate the hysteresis and saturation effects of toroidal shaped ferrite core inductors and transformers. The models include the nonlinear, multi-valued B-H characteristic of the core material. leakage flux. stray capacitances, and core losses. The saturation effects were modeled using two diode clamping arrangements in conjunction with nonlinear dependent sources.
Introduction
SPICE is an acronym for "Simulation Program with Integrated Circuit Emphasis" and is a circuit analysis program that contains the basic ideal models for resistors, inductors, capacitors, dependent sources, transistors, diodes, and other circuit elements. In order to obtain a realistic model that characterizes the actual behavior of a component, the existing elements must be combined or model parameters must be added to those components which have a built-in library, such as the transistor and diode models, to create a higher order model. or both. Such modeling is essential in order to predict accurately the performance of the circuit before it is built. Thus, it is important to understand how the models work, their limitations, and their accuracy.
The objective of this work was to develop higher order circuit models for inductors and transformers, which characterize the behavior of these components a t high frequencies, a s well as techniques for calculating and measuring the corresponding model parameters. Such a model must account for the nonlinear. multi-valued B-H characteristic of the core material: leakage flux: stray capacitances: and core losses. Manganese-zinc (MnZn) ferrite-type cores were used to veri@ the models. The advantages of using ferrite cores, in general, are their low cost compared to magnetic metals: high electrical resistivity. which results in low eddy current losses over a wide range of frequencies: high permeability: and a high Curie temperature.
A literature survey [1.2,3] was carried out to determine what modeling techniques have been employed using SPICE to model the nonlinear behavior of inductors and transformers and what the mechanisms are that control these nonlinearities. Three SPICE models were found in the literature. but these were generally inadequate.
A detailed treatment of the mechanism that governs the saturation phenomena and a general piecewise-linear model to illustrate such effects are discussed in Watson's book [4] . This book provides many examples and discussions about the nonlinear behavior of inductors, but it does not provide any details for modeling the saturation switch used in the circuits.
The essential physics and magnetic properties of ferrites used for inductors and transformers are thoroughly discussed by Snelling, Giles. and Soohoo [5.6, 7] . Among the topics discussed are the magnetization processes caused by wall movement and rotation, magnetic losses such as hysteresis loss, eddy current loss, and dimensional resonance loss, and examples of inductor and transformer designs.
The SPICE models described in this work do not account for all possible scenarios of nonlinear behavior of ferrite core inductors and transformers. The models were developed for small toroidal cores and low power applications: they simulate the hysteresis and saturation effects of the core. The implementation of these effects were made as simple as possible in order to obtain reasonable execution times and to avoid overloading the computer memory. Because of these constraints, the models have several limitations. The core losses, which are dependent on frequency, are simulated with a single resistor of fixed value in parallel with a linear inductor. This approach is acceptable in most cases where a quick approximate estimate of the performance of the core a t a particular frequency is needed. The dependence of the permeability of the core with respect to frequency and temperature has not been incorporated in the models and the models have been validated only using sinusoidal excitations at different frequencies and amplitudes.
Bevelof the Inductor 1
Small-s ctor Model T h w m p e d a n c e of several toroidal shaped MnZn ferrite cores in a bifilar configuration were measured over a wide range of frequencies. For all the cores tested, the shape of the magnitude and phase of the impedance is similar to that shown in figures 1 and 2. A small-signal model for the inductor was synthesized from these measurements, as shown in figure 3. The resistor R represents the core resistance and the capacitor C represents the lumped capacitance between the windings. The values of the components in the above model were 89CH27924889OooO-1328301.00 0 1989 IEEE determined by computing the input impedance Z(s) and associating it with the impedance measurements for different ranges in the frequency domain. Once the values had been determined , a SPICE program was written and an AC analysis with a 1 V (or 1 A) source was performed, so that the reciprocal of the current (or the voltage across the input terminals) corresponds to the input impedance. The results obtained from the SPICE simulation are compared with the measured values in figures 4 and 5.
Inductor Model with an RC Switc h Two models were developed to include the hysteresis losses and saturation effects in the smallsignal inductor model. The first consists of a flux controlling circuit and. an RC switch in combination with the small-signal model, as shown in figure 6 . This is a modification of the model described by Meares [3]: Meares' model could not be successfully applied. The saturation switch, which was modeled by a current-controlled current source and its reference branch current, was replaced by a currentcontrolled voltage source controlled by the current flowing through the series combination of RSE and CBH . The magnetic flux in the core is determined by integrating the applied voltage, which is analogous to integrating the current flowing through a capacitor to obtain the voltage across it. The integration can be implemented by using a voltage-controlled current source, GF. the controlling voltage of which is the input voltage, in parallel with a capacitor, CF. The voltage across the capacitor, which is proportional to the magnetic flux in the core and corresponds to the voltage at node 4, is then or
The gain of GF is selected such that the voltage across CF reaches its maximum allowable value at the same instant as the core saturates.
An initial negative current is specified on the inductor in order to force the current negative and to obtain a symmetrical hysteresis loop and a starting point on the loop. The time required to reach saturation is determined by equating the area under the input voltage (for either polarity) to the peak-topeak saturation flux linkages, Asatp-p, which is the maximum allowable change of A,
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To simulate the saturation effects, two sets of clipping diodes with their respective voltage sources are added in parallel across CF. One set controls the positive cycle of the flux, the other, the negative cycle. The clamping voltage is set one dipde voltage drop less than the desired saturation flux voltage, which is proportional to the product of Bsat (from B-H curve) and the cross-sectional area of the core, so that the voltage at node 4 will be clamped precisely at this value.
The switch consists of a current-controlled voltage source, HBH, the controlling current of which depends on the current flowing through the RC branch of the components RSE and CBH. A current will flow in this branch as long as the voltage across it, which is proportional to the voltage at node 4. is varying with respect to time. As soon as this voltage reaches the saturation value, it is clamped, forcing the current in this branch to go to zero and to flow through the resistor RK. A small resistor is added in series with the dependent source HBH to ensure that no inductor-source loop is encountered in the SPICE simulations. The current flowing through the RC branch, and the current, I(VS1). which flows through the current limiting resistor, RS1. just before the device goes into saturation, must be known before the gain of HBH can be set. The following procedure was used to obtain the current values.
The voltage across CBH is calculated from
Substituting IRsE(t) in Equation ( The current flowing through the RC branch is dVCB$)
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-at If at >> 1. e terms remaining are the sine and the cosine terms. The second model is similar to the previous one in that it employs the flux controlling circuit and the small-signal inductor model: however, a NAND gate is used to control the switch (figure 7). that is the positive and negative portions of the saturation cycle.
Its output goes low (less than 0.7 V) when both of its cqntrolling inputs go high (greater than 0.7 V); otherwise, its output remains high (equal to the supply voltage. 10 V). One of the inputs to the NAND gate is related to the flux in the core and the value of the saturation flux, which is determined from the B-H curve and the cross-sectional area of the core; when the flux exceeds this value, the input goes high. A two-dimensional voltage-controlled voltage source, the controlling voltage of which is the difference between these two fluxes, is used to achieve t h i s level change in the SPICE implementation; the saturation flux being represented by a separate circuit which consists of a voltage source, the nominal value of which is the value of the saturation flux, in parallel with a 1 R resistor.
The other input to the NAND gate is related to the current flowing into the inductor model and the magnetic field strength at saturation, Hsat. which is expressed in terms of a current and represented as a current source in parallel with a 1 R resistor. Again, a two-dimensional current-controlled voltage source, the controlling current of which is the difference between the square of these two currents, is used. The output of this nonlinear dependent source must go high whenever the input current exceeds the current equivalent of Hsat. An input voltage is considered to be high if it is greater than 0.7 V; therefore. the values of the polynomial coefficients of the respective dependent sources must scale their controlling quantities accordingly.
The SPICE manual contains details of specifying the different coefficients.
The switch in this model was modified because the output of the NAND gate is either 0.7 V or 10 V, instead of varying withrespect to time as in the previous model. To implement the switch in the model, the output of the NAND gate is scaled down to unity (1 VI when it is high by using a voltagecontrolled voltage source, which has a gain equal to the reciprocal of the supplied voltage used in the NAND gate, in parallel with a 1 R resistor. The voltage across the switch is controlled by another two-dimensional voltage-controlled voltage source. the controlling voltage of which is the product of the input voltage to the model and the scaled output of the NAND gate, which is either unity or close to zero. When the core is not in saturation, the applied voltage appears across the switch. However, when the two conditions for saturation are satisfied, approximately zero volts appear across the switch. A small resistor is added in series with the dependent sources to avoid a n inductor-voltage source loop error in the SPICE simulation.
PeveloDment of the Transformer Model
The transformer model ( figure 8 ) is derived from the inductor model. The transformer model should include leakage inductance and the capacitance between the primary and secondary windings. In order to measure the capacitance between the windings, the inputs of both coils were separately shorted and the capacitance was measured. The leakage inductance and winding resistance were measured by shorting one set of terminals and measuring the input impedance. The ideal transformer was implemented by using dependent s o u r c e s to perform t h e ratio transformation of voltage and current as shown in figure 9.
Measurements and Results

Measurement of B-H Curves
The experimental arrangement (figure 10) was used to obtain the B-H characteristic of the cores. The applied magnetizing force, H. assuming negligible displacement current, is The measured saturation times are 2 ps for the negative portion of the cycle and 0.8 ps for the positive one, whereas the results of the simulation are saturation times of 2 ps for each cycle. This difference is the result of the assumptions used in obtaining the model, that is. symmetric B-H characteristics and equal saturation times for each portion of the cycles were assumed. The voltages V1 and V2 in the clamping diode arrangement of the flux circuit must be changed to obtain unequal saturation times in the simulation. The plots of flux versus current for both models predict a flat saturation response whereas the measurement shows the residual flux is not equal to the saturation flux. A linear inductor must be added in parallel with the small resistor in the saturation switch to account for the required residual flux voltage.
Experimental Problems
Several experimental problems affected the measurements above 500 kHz. The dynamic range of the power amplifier decreased as the operating frequency was increased, causing distortions in the input waveform, and hence, the cores could not be completely driven into saturation. The B-H characteristics of the cores were generated by displaying the voltage across the capacitor CT versus the input current with the XY display mode of the oscilloscope. It was later observed that when identical signals at a frequency of 100 kHz or higher were applied to the amplifiers in the XY mode, an elongated slanted ellipse, instead of a straight line at 45 degrees, was displayed. This effect became more apparent as the frequency was increased. It was concluded that there was an inherent phase shift in the XY mode of all oscilloscope amplifiers (the effect was verified with a digital oscilloscope).
Conclusion
This work shows the potential of SPICE to simulate the behavior of magnetic components by using the proper combination of circuit elements and nonlinear dependent sources. The two inductor models require the input impedance of the inductor over a selected frequency range, the B-H characteristic of the core, and the time to core saturation for a particular input excitation. Both models provided similar predictions, the principal difference between the models being the implementation of the saturation switch. The model using the RC switch requires more involved calculations and information about the type of excitation being used, in order to determine the component values and the gains in the dependent sources. On the other hand, the model using the NAND gate switch is easier to implement because the two controlling quantities, the saturation flux and the current just before saturation. can easily be obtained from the measurements. The models have been verified only up to 500 kHz because the dynamic range of the power amplifier decreased a s the operating frequency was increased, producing a distorted signal above this frequency.
The transformer model. which is an extension of the inductor model with the parasitic components added to it, has been tested for the input impedance for two load conditions (1 kR and 10 kR) and for the primary and secondary voltages and currents. The results from the SPICE simulations are in satisfactory agreement with the measured data. The models were made as general as possible SO that different components can be represented by changing the values of the parameters. T h e models are complex enough to provide a realistic representation of the behavior of inductors and transformers, yet simple enough to be implemented in any other circuit analysis codes and have reasonable execution times. The models can be improved if the effect of the core losses are simulated by incorporating a frequency dependent resistor model and by including an inductor model that depends on the frequency and temperature dependence of the permeability of the material. However, increasing the complexity of the models can cause long execution times and can exceed the computer memory capabilities. 1l RE 21 24
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F l e e 6. Inductor model with an RC switch. 
